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EXECUTIVE  SUMMARY 


This  report  provides  an  Initial  evaluation  and  Integration  of  a 
comprehensive  health  and  environmental  studies  data  base  of  Army  smoke  and 
obscurant  (S&O)  material.  The  objective  was  to  support  the  U.S.  Army's  need 
for  environmental  assessments.  In  addition  this  data  base  should  provide 
Information  for  environmental  Impact  of  S&O  devices  by  various  Army  agencies 
for  field  test,  evaluation,  and  training.  The  procedure  utilized  was  a 
first-order  screening  and  ranking  of  the  major  smoke  types  and 
smoke-generating  devices.  This  was  done  for  each  according  to  the  magnitude 
of  the  Impact  area,  the  characteristic  environmental  concentrations,  the 
relative  Inhalation  toxicity,  the  relative  toxicity  when  Ingested  by  animals, 
the  aquatic  toxicity,  the  environmental  mobility  when  freshly  deposited,  and 
the  ultimate  mobility  and  fate  In  the  environment. 

The  major  smoke  types  considered  were  various  forms  of  white  phosphorus 
(WP),  red  phosphorus  (RP),  hexachloroethane-derlved  smokes  (HC),  fog  oil 
(SGF-2) ,  diesel  fuel  smokes  (OF),  and  some  Infrared  obscuring  agents  (IR), 
EA-5763  and  EA-5769.  Various  properties  of  the  smoke-generating  devices  were 
taken  Into  account,  such  as  the  type  of  delivery  (either  bursting/ 
Instantaneous  or  dlffuslrg/continuous),  effective  fill  weights,  and  Initial 
cloud  volumes  in  air.  It  was  found  that  except  for  an  RP  bomblet,  all 
bursting  devices  (grenades,  mortars,  guns,  rockets,  and  howitzers)  have  a 
relatively  small  Impact  on  ground  areas  but  diffusing  devices  (smoke  pots, 
diesel  fuel  exhaust,  and  fog  oil  generators)  could  affect  larger  areas,  tens 
to  hundreds  of  acres. 

The  characteristic  environmental  concentrations  of  devices  were  found  to 
be  highest  from  grenades,  but  these  also  were  very  localized.  HC  diffusing 
(howitzers)  and  WP  bursting  (mortars,  guns,  rockets,  and  howitzers) 
were  also  devices  with  high  environmental  concentrations.  The  acute  (one- 
hour)  Inhalation  tox lei  ties  were  highest  In  HC  smoke  followed  by  IR 
obscurants,  WP,  RP,  OF,  and  fog  oil  (SGF-2).  We  developed  an  air 
concentration  quotient  (C.Q.)  for  relative  Inhalation  toxicity  of  various 
devices  and  found  that  grenades  (IR  and  RP)  were  potentially  the  most 
dangerous.  The  artillery-produced  smokes  (mortars,  guns,  rockets,  and 
howitzers)  were  significantly  toxic  when  the  S&O  was  HC  and  WP.  The 
phosphorous  smokes  from  wedges  (RP/W  and  WP/FN)  were  far  less  toxic  than 
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smokes  from  other  devices.  HC  smoke  pots  were  on  the  borderline  of  Inhalation 
toxicity  while  fog  oil  (S6F-2)  and  diesel  fuel  had  Insignificant  toxicity. 

The  foliage  Ingestion  quotient  (F.I.Q.)  was  used  to  screen  one  potential 
ecological  effect.  This  indicated  that  the  HP,  RP,  IR,  and  HC  smokes  were 
significantly  toxic  to  animals  when  deposited  on  foliage  they  consumed. 

Another  potential  ecological  effect  was  addressed  by  the  use  of  an  aquatic 
toxicity  quotient  (A.T.Q.).  Here  the  HC  smoke  and  IR  obscurant  (EA-5763  and 
EA-5769)  were  found  to  be  toxic  to  fishes  while  fog  oil  and  diesel  fuel  were 
borderline  In  their  aquatic  toxicity.  HP  and  RP  smoke  types  had  Insignificant 
A.T.Q.s. 

Environmentally  transformed  by-products  of  S&O  materials  were  screened 
for  water  solubility  In  an  effort  to  predict  their  fates.  In  freshly 
deposited  smokes,  the  HP,  RP,  and  HC  Inorganic  forms  were  found  to  be  highly 
mobile,  but  the  water  soluble  (aromatic)  organic  components  of  SGF-2  and  OF 
were  only  slightly  mobile.  Substances  in  IR  smokes  were  found  to  be  more  or 
less  Immobile.  After  a  few  weeks,  transformations  usually  decreased  the 
mobility  of  HP,  RP,  and  HC  by  more  than  three  orders  of  magnitude.  The  HP  aid 
RP  socke  products  should  end  up  In  phosphate  pools.  OF  by-products  increase 
In  ability  and  become  susceptible  to  biodegradation.  HC  In  soil  became  very 
Immobile.  The  ultimate  fate  of  HC  In  soli  or  water  Is  partly  to  join  the 
large  chloride  pools  and  partly  to  become  a  component  of  less  mobile, 
pH-regulated,  zinc  complexes.  Bioaval  lability  and  potential  toxicity  of  P  and 
HC  smokes  would  then  decrease  In  the  long  term. 

In  conclusion,  this  screening  and  ranking  procedure  has  determined  what 
and  when  smoke-producing  devices  could  be  environmental  problems  and  to  what 
degree  relative  to  each  other.  In  general,  the  devices  Impacting  the  largest 
area  (OF  and  SGF-2)  had  Insignificant  environmental  effect  due  to  dilution, 
while  those  with  the  least  area  of  impact  (grenades)  had  largest  environmental 
effect.  He  found  that  by  considering  the  Inhalation,  foliar  Ingestion,  and 
aquatic  toxlcltles,  combined  vlth  the  area  of  impact,  the  environmentally  most 
troublesome  devices  were  the  HI  smoke  pot  lowed  by  the  HC  grenade  and  HC 
artillery  and,  in  fourth  place,  he  IR  grenaoe.  All  other  devices  were  orders 
of  magnitude  less  Important  environmentally. 
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BACKGROUND  AND  OBJECTIVES 


The  U.S.  Army  has  developed  smokes  and  obscurants  (S&O)  for  Its  needs 
In  the  battlefield  since  World  War  I.  The  Inventory  of  S&O  at  present 
consists  of  materials  derived  from  phosphorus  (P),  hexachloroethane  (HC), 
fog  oils  (SGF-2),  diesel  fuel  (DF),  and  new  infrared  (IR)  screening  agents. 
Recent  Army  S&O  development  programs  have  resulted  In  Improvements  In 
materiel  performance,  adaptation  of  S&O  material  to  changed  battlefield 
requirements,  Invention  of  new  S&O  agents,  and  requirements  for  safe  and 
environmentally  acceptable  products.  The  U.S.  Army  Medical  Bioengineering 
Research  and  Development  Laboratory  (USAMBRDL)  has  responded  to  the  Army's 
needs  with  health  and  environmental  studies  of  S&O  material.  Such  studies 
serve  to  support  the  numerous  field  testing,  evaluation,  training,  and 
supply  agencies  which  must  handle  and  utilize  the  S&O  material  In  a  safe  and 
environmentally  sound  manner. 

While  the  CROC  "Programmatic  Life  Cycle  Environmental  Assessments"1-5 
have  listed  and  summarized  many  key  studies  of  smokes  ana  obscurants,  the 
extensive  Army  research  effort  on  the  health  and  environmental  effects  has 
never  been  Integrated  into  a  comprehensive  evaluation.  To  fill  this  gap, 
USAMBRDL  has  sponsored  the  present  data  base  compilation  and  assessment. 

The  purpose  of  this  report  is  to  provide  an  initial  evaluation  and 
integration  of  the  comprehensive  data  base  on  health  and  environmental 
studies  of  smokes  and  obscurants.  The  methodology  consisted  of  a  screening 
and  ranking  procedure  that  used  a  data  base  that  had  been  extracted  from 
numerous  reports  and  other  literature.  The  most  labor-intensive  effort  was 
to  transform  and  quantify  data  from  our  literature  survey  study  results  into 
a  computer-compatible  data  base  management  system.  A  substantial 
contribution  of  this  study  therefore  was  the  bibliographic  file  listed  In 
this  report.  In  order  to  accom  Msh  the  data  base  assessment  within  a 
reasonable  time  and  with  "ml lest  ie"  reports,  the  effort  was  planned  in 
phases.  Phase  I  Data  Base  Assessment  was  extensive,  but  shallow,  Intending 
to  encompass  all  S&O  and  to  provide  to  interested  users  a  screening  and 
ranking  system.  Phase  II  would  deal  with  Intensive  evaluations  and  fill 
knowledge  gaps  identified  In  Phase  I. 
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APPROACH 


Conclusions  and  data  from  nuranrous  reports  were  evaluated  and  entered 
Into  a  machine-processable  data  base  (data  base  management  system).  The 
data  were  divided  Into  several  categories.  These  Include  S&G  device 
characteristics  relevant  to  environmental  Issues,  physical /chemical 
properties,  and  various  health  and  environmental  quantities  described  later. 
Cross-Indexing  was  provided  to  permit  machine  searches  traceable  to  the 
original  articles  according  to  an  accession  number.  The  subdivisions  of  the 
above  categories  evolved  Into  a  limited  set  as  the  evaluation  and 
comprehension  of  the  data  base  proceeded.  A  major  consideration  In  this 
evolutionary  process  was  the  guideline  of  Phase  I  objectlve—to  provide  an 
Initial  screening  and  ranking  of  first  order.  The  difficulty  In  ad tern.;  to 
this  objective  was  to  decide  which  information  was  more  properly  placed  In 
Phase  II;  obviously,  some  Intensive  assessment  was  necessary  to  accomplish 
Phase  I.  Consequently,  a  effort  was  expended  toward  the  Phase  II 
goal— to  provide  an  Intensive  SG-0  assessment  and  to  fulfill  and  Identify 
research  needs. 

ENVIRONMENTALLY  RELEVANT  S&Q  DEVICE  CHARACTERISTICS 

The  first  consideration  was  to  define  broad  categories  of  smoke  type 
This  is  somewhat  artificial  because  a  given  composition  may  be  modified 
within  a  smoke  type,  and  because  there  may  be  operational  needs  to  combine 
smoke  types  to  achieve  a  particular  smoke/obscurant  effect,  Ke  did  not 
consider  the  environmental  issues  of  combined  smoke  types  in  this  study.  The 
categories  of  smoke  type  included  In  this  report  are  also  limited  to  those 
currently  Important,  which  excludes  outmoded  S&D,  S&O  not  reconxsended  for 
further  use,  and  some  S&O  material  in  an  early  stage  of  research  and 
development.  The  categories  included  are  given  in  Table  1,  Army  Smoke  Types 
for  Environmental  Screening. 

The  smoke  snaverlals  listed  (see  Table  1)  Include  all  the  $&0  likely  to 
be  In  an  Inventory.  Phosphorus  smokes  have  evolved  into  prominence.  HC 
smokes  are  being  phased  out,  but  are  common  In  smoke  pots.  Fog  oil  smoke 
generators  should  remain  In  prominence  for  protection  of  secured  positions 
(rear  area  of  the  battlefield),  but  SGF-2  should  be  the  only  oil  recomcwnded 


TABLE  1.  ARMY  SMOKE  TYPES  FOR  ENVIRONMENTAL  SCREENING. 


A.  Phosphorus  smokes  (P) 

1.  White  phosphorus  (WP) 

White  phosphorus/felt  wedges  (WP/FW) 
Plasticized  white  phosphorus  <PNP) 
White  phosphorus  wicks  (WPW) 

2.  Red  phosphorus  (RP> 

Red  phosphorus/butyl  rubber  (RP/BR) 
Red  phosphorus  wedges  (RPW) 

B.  Hsxaehloroethane  smokes  <HC) 

C.  Fog  oil  (SGF-2) 

D.  Diesel  fuel  (DF) 

E.  Infrared  (IR)  smokes  (EA-5763  and  EA-5769) 


for  use.  Diesel  fuel  would  be  the  common  smoke  type  used  on  moving  vehicles. 
IR  smokes  are  new,  but  only  two  are  included  In  this  report  (EA5763, 

EA5769),  and  their  composition  Is  revealed  here  only  as  oily  brass  particles. 

The  devices  used  as  delivery  systems  for  smoke  and  obscuring  agents  are 
usually  also  the  containers  for  storage  and  transport  of  the  smoke  type.  The 
exceptions  are  the  fog  oil  and  diesel  fuel  normally  stored  and  transported 
In  bulk  containers,  and  pumped  Into  a  heated,  forced-air  chamber  when 
utilized  to  generate  smoke.  The  device  characteristics  that  were  applied  to 
health  and  environmental  screening  were  the  effective  fill  weight  (Q),  the 
minimum  area  of  Impact  (A),  the  burn  time  < tg) ,  the  average  rate  of  burn 
(dQ/dt)  In  the  case  of  continuous  smoke  generators,  and  the  minimum  vertical 
extent  <h)  of  the  smoke.  Details  of  the  smoke  concentration  distribution, 
median  particle  size,  and  size-distributions  were  not  used  in  the 
screening.  Estimations  of  effects  such  as  acute  Inhalation  response  and 
concentrations  in  the  environment  resulting  from  deposition,  were  determined 
as  first-approximations  by  the  derivation  of  suitable  quotients  or  Indices. 

The  first-order  estimates  were  not  considered  extremely  limiting  for 
there  ranking  purposes.  Inhalation  response  to  particle-size  Is  about  the 
same  for  all  smokes  because  their  physical  sizes  will  be  about  the  same  in 
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order  to  be  effective  obscurants.  To  a  good  approximation,  tho  fraction  of 
suspended  mass  retained,  for  exampi?  In  ;,h&  deep  lung  (pulmonary)  region, 
would  be  the  same  for  all  S&O  agents.  Furthermore,  physically  meaningful 
Indices  were  defined. 

The  effective  fill  weight  <Q>  divided  by  the  minimum  area  of  Impact  (A) 
defines  the  upper  bound  of  deposition  that  could  occur  over  the  area  under 
any  circumstances: 


Maximum  available  deposition  * 


Carrying  this  argument  further,  dividing  the  effective  fill  weight  (Q) 
by  the  minimum  effective  volume  (Ah)  defines  the  maximum  environmental  air 
concentration  (C)  averaged  over  the  minimum  area  of  Impact  (A),  which  could 
occur,  e.g.,  from  bursting  devices: 


r  2- 

c  18  Ah 


The  first  difficulty  Is  In  determining  A.  The  minimum  impact  area  is 
important  however,  because  It  can  serve  as  a  ranking  Index  In  itself.  The 
minimum  ‘a  f  Impact  is  usually  small  and  serves  to  demonstrate  that  each 

device  has  a  small  potential  ecological  cost  when  viewed  on  a  global  scale . 
Consequently,  ranking  the  devices  by  Impact  area  (A)  was  a  useful  first-order 
exercise.  In  the  case  of  bursting  devices  C  must  be  defined  differently  as 
derived  next. 

For  bursting  devices,  the  material  is  spread  Instantaneously  and  can  be 
viewed  as  having  a  Gaussian  distribution  In  the  second  instant,  at  which  time 
atmospheric  diffusion  begins.  The  area  Ag  can  be  estimated  for  bursting 
munitions  as  a  circle  of  radius  (R)  containing  95X  of  the  material,  which 


has  Gaussian  width  a  and  height  o  : 

y  2 


,,!v 


's  ■ 4*  V 


h  - 
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Ke  found  that  for  nearly  all  bursting  devices  the  parameters  and 
a,  were  available  from  the  data  base,  and  for  approximation  purposes: 


a  3. 

y 


(6) 


Hence,  the  maximum  concentration  (Cg),  given  for  bursting  devices  In 
equation  (2)  was  calculated  from  the  given  Q  In  the  data  base  and  equations 
(4)  through  (6). 

For  burning  munitions  such  as  smoke  pots,  a  different  approach  was  used 
because  a  burning  device  would  be  diluted  and  diffused  by  the  wind  during  the 
burn.  The  minimum  Impact  area  (A1)  for  burning  devices  was  defined  as  the 
area  covered  in  the  horizontal  plane  by  a  substance  diffusing  under  stable 
conditions  (Pasquill  stability  category  F)  with  calm  conditions  (wind  speed 
0.5  m/s)  during  the  burn  time.  For  all  burning  devices  the  burn  time  (tg) 
(usually  several  minutes)  was  available  from  the  data  base  with  the  exception 
of  fog  oil  and  diesel  fuel  continuous  generators.  For  the  continuous 
generators  a  convenient  burn  time  of  one  hour  was  used,  and  the  burn  rate 
<dQ/dt)  was  considered  constant  so  that  calculation  of  Qf  for  continuous 

i  hour: 


release  was  the  product  of  dQ/dt  and  t£,  where  tc 

Q  «  ~?t  . 
v  c  dt  c 


(7) 


The  minimum  Impact  area  for  continuous  releases  (A1)  depended  upon  the 
plume  width  (c^),  plume  height  (<r2),  wind  speed  (u),  and  burn  time  (tg): 


0.04  X, 

(8) 

0.016X, 

(9) 

u  tg  , 

(10) 

0.5  m/s. 

(11) 

where  relations  (8)  and  (9>  are  the  Briggs'  estimates  for  close-ln  diffusion 
under  calm  winds  In  F  stability  category  from  the  "Handbook  on  Atmospheric 
Diffusion."  The  minimum  Impact  area  (A1)  for  the  Gaussian  plume  Is  a 
triangular  area  containing  901  of  the  material  (see  Appendix  A)  estimated  by 


2  w  <JyUtc, 


(12) 
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and  Jia  average  environmental  atr  concentration  for  diffusing  smokes  by 

C0  -  Q/A'o2.  (13) 

Because  the  definitions  of  the  minimum  Impact  area  for  bursting  (Ag) 
and  for  burning  (A')  devices  are  different,  care  should  be  exercised  in  their 
comparison.  On  the  one  hand  bursting  devices  have  a  closely  defined  Impact 
area,  whereas  burning  devices  have  a  minimum  impact  area,  which  was 


The  choice  of  t  «  1  hour  was  made  to  approximate  the  times  of  exposure 
to  fog  oil  and  diesel  fuel,  but  In  actual  cases  it  would  vary.  (Actual 
times  could  be  adjusted  as  a  multiple  of  hours.)  In  quotients  to  be 
discussed  later,  one-hour  exposure  concentrations  were  compared  to  C.  This 
exposure  time  may  seem  Incongruous  to  the  burn  times  (tg)  of  devices  that 
last  only  a  few  minutes.  But  In  that  case  we  envision  a  puff-like  cloud 
that  persists  depending  on  wind  speed  and  could  take  up  to  an  hour  to 
dlspe>  se  '  .  very  calm 
wir.ds,  a  worst  case. 

CTOS I  ITERATIONS  GIVEN  ro  PHYSICAL/CHZMICAL  PROPERTIES  OF  S&O 

A  major  difficulty  was  to  determine  the  likely  chemical  residuals  and 
their  physical  properties  In  the  environment.  We  attempted  to  reconcile  the 
expressions  given  In  the  da'.a  base  for  chemical  reactions  during  combustion 
of  SiO  devices.  It  bee 'me  evident  that,  particularly  for  phosphorus  and  HC 
devices,  there  was  no  way  to  unit-  the  various  results.  Excellent  laboratory 
studies  that  preceded  to  complete  combustion  under  controlled  conditions  did 
not  represent  *dii  the  few  field  ooservations  of  combustion  product 
concentrations.  We  made  our  own  estimates  cf  the  critical  components  and 
their  ultimate  fates,  to  the  df^ee  justlflab’e  for  a  first-order  ranking 
and  verifiable  where  possible.  This  Ilex  of  residuals  was  explored  for 
chemical /physical  properties. 

Properties  considered  useful  for  f1rst-order  assessments  were  the 
octano! -water  partition  coefficient,  the  solubility  In  water  ai  normal 


temperatures,  the  vapor  pressure  at  normal  temperatures,  and  others.  The 
utility  of  these  properties  has  been  established,  for  example,  In  estimating 
partitioning  coefficients  for  a  simplified  compartmental  model  of  the 
environment.  These  concepts  were  defined  by  Laskowski  et  ak7  for  the 
terrestrial  environment  In  a  noteworthy  compendium  of  methods, 

Q 

"Environmental  Risk  Analysis  for  Chemicals,"  edited  by  Conway.  The 
environmental  fate  should  be  evaluated  using  the  pollutant  limit  values 

g 

method  of  Rosenblatt,  Dacre,  and  Cogley  In  the  same  book  (loc.  clt.).  We 
utilized  the  "Handbook  of  Chemical  Property  Estimation  Methods"  by  Lyman, 
Reehl ,  and  Rosenblatt1*^  to  determine  octanol-water  partitioning  coefficients, 
solubilities,  and  vapor  pressure  for  certain  organic  fractions  identified  as 
constituents  In  SCF-2  fog  oil,  and  In  the  middle  petroleum  distillates  found 
In  diesel  fuel . 

These  methods  did  not  lead  to  a  successful  ranking  of  S&Q  materials  In 
terms  of  soil  adsorption  coefficients,  volatilization,  bioconcentration 
factors,  and  biodegradation.  The  major  reason  for  the  Incomplete  application 
of  the  methods  and  failure  to  establish  preliminary  pollutant  limit  values 
was  the  nature  of  the  Inorganic:  constituents  In  phosphorus  and  HC  smokes. 

Both  of  these  smokes  we  found  were  dominated  by  highly  soluble,  very  low 
vapor  pressure  Inorganic  products  that  ultimately  transform  and  lose  their 
Identity  In  large  elemental  pools  within  the  natural  water  and  soil  systems. 
The  utility,  and  even  the  meaning,  of  soil  adsorption  and  volatilization 
became  obscured. 

Methods  very  useful  for  ranking  pesticides  and  ether  persistent 

pollutants  were  not  applicable  to  S&O  chemicals  that  become  part  of  nutrient 

cycles  or  are  transformed  Into  bound  components  of  the  soil/sediment  systems. 

For  example,  for  pesticides  the  soil  adsorption  coefficient  Is  highly 

correlated  to  the  organic  matter  concentration,  but  for  phosphoric  acid  the 

soil  adsorption  occurs  on  clay  minerals  and  depends  upon  other  elemental 
11  12 

concentrations.  '  The  phosphoric  acid  Is  transformed  Into  calcium,  Iron, 
and  aluminum  phosphates  whose  solubility  In  the  water  or  soil  environment 
depends  highly  on  pH. 

The  first-order  rankings  of  S&O  chemicals  for  mobility  In  the 
environment  were  by  solubility  of  the  initially  deposited  material  as  a 
measure  of  potential  acute  deposition  effects  and  by  sojubi 1 1  tv  of  the 


HEALTH  AND  ENVIRONMENTAL  INDICATORS 


The  suspended  smoke  materials  were  expected  to  adversely  affect  living 
systems  through  two  pathways.  The  first  was  the  exposure  of  mammals  to 
respirable  particles  that  may  be  toxic  via  the  Inhalation  pathways.  Since 
all  smokes  have  about  the  same  particle-mass  size  distributions  the 
respirable  fraction  would  be  about  the  same  for  each.  We  ranked  the 
potential  acute  effect  of  smoke/obscurant  Inhalation  according  to  the  one- 
hour  lethal  concentrations  to  rats.  The  choice  of  rats  was  made  because 
their  Inhalation  response  Is  similar  to  humans  (although  this  response  Is 
generally  less  sensitive  than  mice)  and  because  rats  are  usually  the  animals 
of  choice  In  toxicology  bioassay  studies. 

The  method  required  some  estimations,  however.  The  data  base  contained 
non-standardlzed  Information.  We  chose  the  LC^q  at  one-hour  (lethal 
concentration  of  50%  of  the  population  exposed  for  one-hour  and  observed  at 
14  days  following  exposure).  The  data  base  contained  Incomplete  data  such 
as  LC2q  or  LC^,  etc.,  and  often  data  were  expressed  as  doses 
(concentrations  multiplied  by  time).  It  Is  usually  assumed  that  Haber's  Law 
describes  Inhalation  response.13  That  Is,  the  effects  are  the  same  for  a 
given  combination  of  concentration  and  time  of  exposure  as  long  as  the 
product  (Ct)  remains  constant.  We  found  that  the  method  of  Haber's  Law 
(Ct  -  constant)  gave  65%  errors  in  estimating  Inhalation  effects  of  smokes. 

Two  studies  of  relevant  inhalation  response  In  rats  were  found  to  give 

the  same  basic  results:  a  study  by  Dalbey  and  Lock14  using  “Phillips 

1 5 

Referee-grade"  diesel  fuel,  and  a  study  by  Ballou  using  red  phosphorus 
smoke.  We  reanalyzed  their  data  and  found  that  LC^  values  could  be 
calculated  from  Intermediate  results  LC^  (e.g.,  LC2q,  LCgQ)  using  the 
relation: 

LC50  »  (LCX)  exp  <(50-X)/B) ,  (14) 

where  B  Is  an  experimental  constant.  We  found  values  of  B  -  60.3  for  diesel 
fuel  and  B  »  57.2  for  red  phosphorus.  These  B-values  are  the  same  within 
3X.  Furthermore.  Dalbey  and  Lock’s  data  confirmed  that  B  Is  not  a  function 
of  exposure  time.  Next  we  found  that  the  LC^  time-dependence  was 
statistically  highly  correlated  to  exposure  time  (R2  »  0.97)  by  the  relation: 


14 


fe-Zl  *  Q  i » -i  fc  • 


(15) 


logg  (LC50)  »  -at  +  b, 

where  a  and  b  are  constants  for  given  experiments.  From  this  we  derived  the 
interpolation  equation  at  exposure  time  t^: 

(LCS0)1  -  <LC50>2  exp  Ca(t2  -  t,)].  (16) 

where  a  is  the  same  constant  as  in  equation  (15)  and  the  subscripts  refer  to 

two  different  exposure  times,  t,  and  t,.  The  constant  for  diesel  fuel 
-i  4  -1 

is  a  *  0.239  h  ,  while  a  *  0.295  h  for  phosphorus  smoke.  The 

constants  were  close  enough  to  combine  for  ranking  purposes,  and  we  used 

this  one  interpolation  scheme  (Table  2)  for  all  smokes.  (The  values  in 

natural  logarithms  for  the  other  constants,  b  -  3.291  for  diesel  fuel  and 

b  »  1.706  for  phosphorus  smoke,  were  not  used.)  Solutions  to  equations  (14) 

and  (16).  as  given  In  Table  2,  were  used  to  Interpolate  LC  50  for  all  smokes 

and  obscurants.  The  mean  deviation  from  Haber's  Law  was  65%. 

A  determination  of  deposition  was  made  by  a  common  method.  We  used  a 

deposition  velocity  concept,  with  a  value  of  v^  »  0.1  cm/sec  (3.6  m/h). 

This  is  a  commonly  accepted  estimate  for  particles  of  unit  density  in  the 

fi  1 

size  range  0.3  to  3  pm  diameter.  *  Deposition  flux  (F)  was  estimated 
from  C  (mg/m  >: 

F  -  vd  C.  (17) 

For  ranking  purposes  we  took  a  typical  concentration  for  smoke  of 

3 

C  «  1000  mg/m  t  which  was  within  a  factor  of  three  of  the  range  of  values 

computed  for  WP-devtces  using  equations  (2)  and  (13).  Also,  typical  fog  oil 

3  17 

concentration  values  were  found  to  be  15  to  2000  mg/m  .  The  deposition 

3  2 

of  smoke  at  1000  mg/tn  concentration  was  estimated  at  3600  mg/m  for  a 

one-hour  release,  and  at  one  release  per  day  represents  a  concentration  of 

48  mg/kg  when  Incorporated  Into  5  cm  of  soil  and  a  concentration  of 

3.6  mg/liter  when  Incorporated  Into  water  of  1-m  depth.  A  soil  depth  of  5 

cm  represents  a  zone  of  soil  that  is  considered  well-mixed  In  natural 

ecosystems,  but  typical  plow  layers  for  cultivated  fields  would  be  15  cm  In 

depth,  reducing  this  estimated  concentration. 
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'  TABLE  2.  INTERPOLATION  TO  INHALATION  LC5Q  VALUES  FOR  OTHER  PERCENTAGES 
•  OF  LETHAL! TV  ANO  OTHER  TIMES  OF  EXPOSURE  RELATIVE  TO  ONE  HOUR. 

Ratio  of  LC50  Ratio  of  LC5Q 

relative  to  given  at  one-hour  exposure  to 

.percent  lethality  LCgQ  at  given  exposure  time,  t 


*20 

1,67 

t  •  2  h 

1.3 

LC30 

1.41 

3  h 

1.7 

*40 

1.19 

4  h 

2.2 

*50 

1.00 

5  h 

2.9 

*60 

0.85 

6  h 

3.8 

*70 

0.71 

7  h 

5.0 

LCf»0 

0.60 

8  h 

6.6 

Estimations  of  foliar  deposition  often  use  the  Chamberlain  normalized 

10 

specific  concentration  (NSC);  an  example  was  given  by  Shinn.  Using  the 

2 

accepted  NSC  value  of  30-60  m  /kg  (dry  weight  of  foliage)  for  a  one  hour 
exposure  per  day,  we  obtained  an  estimate  of  foliar  retention  of 

3 

100-220  g/kg  dry  weight  for  an  airborne  smoke  concentration  of  1000  mg/m. 
Direct  foliar  consumption  by  cattle  would  transfer  pollutant  at  0.020  mg/kg 
body  weight  per  day  per  1  tag  pollutant/kg;  likewise  0.060  mg/kg  body  weight 
for  rats.7 

Smoke  product  accumulation  in  cattle  would  be  2. 2-4. 3  g/kg  each  day  and 

in  rats  6.5-13  g/kg  each  day  if  they  were  eating  foliage  exposed  to 
3 

1QC0  ag/m  for  one  hour,  estimated  by  the  NSC  method.  The  sensitivity  of 
smokes  via  the  ingestion  pathway  was  estimated  by  the  oral  LD5Q  for  rats, 
the  Ingested  dose  (mg/kg)  causing  50%  lethality  in  rats.  These  data  were 
readily  available  In  the  data  base.  The  ranking  of  smokes  for  oral  toxicity 
was  obtained  by  dividing  the  calculated  smoke  ingested  value,  6.5  g/kg,  by 
the  LCjjq  for  each  smoke  substance. 

Aquatic  toxicity  was  estimated  on  the  basis  of  the  above  estimate  of 
water  concentration,  3.6  mg/ltter,  compared  to  the  TLm^g,  the  50%  lethal 
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concentration  for  96-hour  exposures  of  common  bioassay  fishes.  Aquatic 
ranking  of  smokes  was  obtained  by  taking  the  ratio  of  dissolved  concentration 
to  TLnjgg,  provided  the  dissolved  concentration  was  feasible  In  terms  of  its 
solubility  In  water. 


RESULTS 

RANKING  BY  DEVICE  IMPACT  AREA  AND  ENVIRONMENTAL  CONCENTRATION 

As  much  Information  as  possible  was  obtained  for  each  device  so  that 
each  could  be  ranked  on  the  basis  of  its  particular  effective  fill  weight, 
tmpact  area,  and  maximum  environmental  concentration.  The  device  properties 
are  provided  In  Appendix  B,  because  of  the  extent  of  those  data.  It  was 
possible  to  categorize  the  data,  however,  and  to  rank  these  categories  in 
terms  of  minimum  Impact  area.  The  relative  importance  of  each  category 
according  to  Impact  area  Is  given  In  Table  3.  The  values  in  Table  3 
represent  the  ranges  given  for  several  similar  devices  within  a  category, 
rounded  off,  and  Indicate  whether  the  device  is  diffusing  or  bursting.  (It 
should  be  recalled  that  diffusing  and  bursting  areas  are  calculated 
differently,  so  caution  should  be  exercised.)  The  general  result  was  that 
phosphorus  devices  with  wedges  (RP/W  and  WP/FW)  and  the  RP  bomblet  had  the 
largest  areas  of  the  bursting  devices.  Except  for  the  bomblet,  all  bursting 
devices  would  Impact  a  relatively  small  area  (less  than  three  acres  or  the 
equivalent  of  three  football  fields).  Continuous  sources  like  the 
smokepots,  diesel  fuel  exhaust  systems,  and  fog  oil  generators,  however, 
would  Impact  large  areas  (ten  to  hundreds  of  acres) . 

The  determination  of  environmentally  Important  concentrations  (C)  of 
ssokes  and  obscurants  estimated  by  equations  (2)  or  (13),  was  also  done  for 
each  device;  see  Appendix  8  for  details.  Just  as  In  the  case  of  the  rankings 
of  Impact  area,  It  was  possible  to  categorize  the  data  and  to  rank  these 
categories.  The  relative  Importance  of  each  smoke  and  obscurant  category  Is 
given  in  Table  4.  Ns  found  unexpectedly  that  grenades,  especially  IR  and 
RP/8R.  produce  the  highest  environmental  concentrations,  but  it  should  be 


recalled  (Table  3)  that  these  are  very  local.  HC  diffusing  < howitzers)  and 


TABLE  3.  MINIMUM  AREA  IMPACTED  IN  S&O  DEVICE  CATEGORIES,  RANKED. 


Device  type 


2  a 

Ground  area  (ip  ) 


1. 

IR  bursting,  RP/BR  bursting  (grenades) 

50 

2. 

KP  bursting  (mortars,  guns,  rockets,  howitzers) 

100-800 

3. 

HC  diffusing  (howitzers) 

50-1200 

4. 

HC  diffusing  (grenade) 

1000 

5. 

RP/W  bursting  (mortars  and  howitzers) 

1000-11000 

6. 

WP/FW  bursting  (rockets  and  howitzers) 

9500-12000 

7. 

HC  and  SGF-2  diffusing  (smoke  pots) 

9500-65000 

8. 

RP  bursting  (bomblet) 

180000 

9. 

DF  diffusing  (diesel  fuel  exhaust,  each  hour) 

300000-800000 

10. 

SGF-2  diffusing  (fog  oil  generator,  each  hour) 

500000-800000 

a  By  comparison,  one  acre  and  one  football  field  (U.S.) 
2 

42B0  nr,  respectively. 

2 

occupy  4050  m  and 

TABLE  4.  CALCULATED  ENVIRONMENTAL  CONCENTRATIONS  OF  S&O  DEVICES,  RANKED. 

Device  type 

3 

Concentration  (mg/m  ) 

1. 

RP  Bursting  (bomblet) 

2 

2. 

DF  Diffusing  (diesel  fuel  exhaust,  each  hour) 

10 

3. 

SGF-2  Diffusing  (fog  oil  generator,  each  hour) 

5-10 

4. 

WP/FW  Bursting  (howitzer  and  rockets) 

5-25 

5. 

HC  and  SGF-2  Diffusing  (smoke  pots) 

10-110 

6. 

RP/W  Bursting  (mortars  and  howitzers) 

25-220 

7. 

HC  Diffusing  (grenade) 

220 

8. 

HC  Diffusing  (howitzers) 

450-660 

9. 

WP  Bursting  (mortars,  guns,  rockets,  howitzers) 

1800-3500 

10. 

IR  and  RP/BR  Bursting  (grenades) 

>10000 

HP  bursting  (mortars,  guns,  rockets,  and  howitzers)  ordnance  produce  the 
second  highest  environmental  concentrations,  but  again  over  a  small  area 
front  100  to  1200  m2. 

RANKING  BY  INHALATION  TOXICITY  AND  AIR  CONCENTRATION  QUOTIENT 

The  Inhalation  toxicity  of  smoke  and  obscurant  materials  wa*  the  primary 
effect  considered  from  short-term,  acute  exposures  <up  to  one  hour).  We 
ranked  the  smoke  materials  as  mixtures;  that  Is,  the  chemical  composition  of 
the  smoke  mixture  was  not  further  subdivided  for  Inhalation  toxicity  ranking. 
The  various  smoke  types  are  ranked  In  Table  5  according  to  the  one-hour 
LC5q  for  rats . 

The  LCjjg  values  (Inhalation)  given  In  Table  5  were  each  estimated 

from  more  than  one  reference.  The  LCCrt  value  for  SGF-2  was  estimated  from 
15  b0 

one  IC2q  value  and  from  several  studies  of  similar  oils  that  put  limits 
on  the  ICjjq  estimate  for  SGF-2.  The  LC^q  value  for  DF  smoke  came  from 
arithmetic  averages  of  values  from  the  original  Dal  bey  and  Lock  data14  and  a 

]Q 

number  of  other  values  ;  all  these  values  had  a  range  from  10300  to 

3 

38000  mg/m  with  a  ratio  of  the  standard  deviation  to  the  mean  (coefficient 

of  variation)  of  0.44.  The  LC^  value  for  RP  and  RP/BR  was  an  average  of 

two  estimates  of  RP/BR  (Refs.  2,  15),  and  the  presence  of  butyl  rubber  (BR) 

was  assumed  to  be  Insignificant.  The  LC5Q  value  for  WP  and  WP/FW  was  an 

average  of  four  estimates,  which  had  a  range  from  1300  to  4800  mg/m3  (Refs. 

2,  20)  and  no  evident  effect  of  the  felt  wedges  (FW).  The  coefficient  of 

variation  was  0.61  for  these  values  combined.  The  LCcr,  values  for  EA-5763 

and  EA-5769  found  in  an  unclassified  appendix"*  could  not  justifiably  be 

separated  so  they  were  averaged.  The  LC^  value  for  HC  smoke  was  estimated 

from  the  study  attributed  to  Basman  et  ah,4  but  also  compared  with  the  data 
21 

for  mice,  considering  that  mice  were  usually  more  sensitive  in  similar 
studies  by  a  factor  of  2  to  3.  In  general,  we  felt  that  the  relative  ranges 
and  coefficients  of  variation  found  for  DF  and  WP  were  probably  characteristic 
of  all  the  smokes.  The  LC-50  values  given  In  Table  5  could  not  be  estimated 
with  uncertainties  less  than  about  50%  because  of  normal  variation. 
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TABLE  5.  RELATIVE  INHALATION  TOXICITY  OF  SMOKES  AND  OBSCURANTS  IN  TERMS  OF 
THE  ONE-HOUR  LCS(J  FOR  RATS,  RANKED  IN  ORDER  OF  INCREASING  TOXICITY. 


LCgo  (mg/m3) 

Relative 

toxicity 

1.  SGF-2  fog  oil 

60000 

1 

2.  Diesel  fuel  smoke 

26000 

2 

3.  RP  and  RP/BR 

4000 

15 

4.  WP  and  WP/FW 

2500 

24 

5.  IR  <EA  5763,  EA  5769) 

970 

62 

6.  HC  smoke 

333 

180 

A  preferred  way  to  express  the  relative  Inhalation  toxicity  of  smoke  and 
obscurant  devices  Is  by  means  of  the  concentration  quotient,  (C.Q.),  which 
Is  defined  as  the  ratio  of  the  environmental  air  concentration  (C)  to  the 
particular  LCjQ  value  for  Inhalation  toxicity  to  rats.  The  C.Q.  values 
calculated  for  each  device  are  given  In  Appendix  B.  The  device  categories 
given  In  Table  4  were  re-ranked  In  terms  of  C.Q.  and  the  values  of  C.Q.  are 
given  In  Table  6.  The  S&O  categories  that  had  C.Q.  values  near  unity  and 
greater  were  the  devices  with  potentially  significant  Inhalation  toxicity. 

Of  these  devices  the  S&O  grenades  were  the  most  dangerous,  especially  the 
RP/BR  and  IR  grenades.  This  Is  explained  by  the  small  volume  of  their 
clouds  relative  to  fill  weight.  The  artillery-produced  smokes  were  the  most 
toxic  when  In  the  form  of  HC  and  HP.  The  phosphorus  smokes  with  wedges 
(RP/W  and  NP/FM)  were  far  less  toxic.  HC  smokepots  were  on  the  borderline 
of  Inhalation  toxicity  significance,  while  SGF-2  and  DF  were  Insignificant 
In  terms  of  Inhalation. 

RANKING  BY  ORAL  TOXICITY  AND  INGESTION  QUOTIENT 

The  effect  of  S&O  materials  In  the  environment  would  depend  on  the 
pathway  of  toxicity.  Direct  ingestion  would  be  unlikely  for  humans  unless 
the  material  were  deposited  on  crops.  Animals  that  feed  upon  plants, 
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TABLE  6.  AIR  CONCENTRATION  QUOTIENTS  (C.Q.)  FOR  RELATIVE  INHALATION 
TOXICITY  OF  S&O  DEVICES,  RANKED  IN  ORDER  OF  INCREASING  TOXICITY. 


Device  type 

C.Q.a 

1. 

SGF-2  diffusing  (fog  oil  generator,  each  hour) 

0.0002 

2. 

DF  diffusing  (diesel  fuel  generator,  each  hour) 

0.0003 

3. 

RP  bursting  (bomblet) 

0.0003 

4. 

SGF-2  diffusing  (smoke  pot) 

0.0004-0.002 

5. 

WP/FW  bursting  (howitzer  and  rockets) 

0.002-0.01 

6. 

RP/W  bursting  (mortars  and  howitzers) 

0.006-0.06 

7. 

HC  diffusing  (smoke  pots) 

0.04-0.25 

8. 

HC  diffusing  (grenade) 

0.7 

9. 

WP  bursting  (mortars,  guns,  rockets,  howitzers) 

0.7-1 .4 

10. 

HC  diffusing  (howitzers) 

1 .4-2.0 

11. 

RP/8R  bursting  (grenade) 

3.4 

12. 

IR  bursting  (grenade) 

>10 

a  C.Q.  Is  the  ratio  of  the  environmental  air  concentration,  C,  to  the 
one-hour  lethal  concentration  (LC^)  for  rats  exposed  by  Inhalation.  Values 
near  unity  or  greater  Indicate  potentially  significant  toxicity  problems. 


however,  could  be  acutely  exposed  if  they  consume  the  S&O  material  deposited 

on  their  forage.  The  relative  toxicity  of  smoke  types  by  Ingestion  was  ranked 

In  order  of  the  oral  LD5Q  values  to  rats,  a  concentration  (mass  of  toxic 

material  per  body  weight,  mg/kg)  found  to  be  lethal  to  one-half'  the  rats  in  an 

exposed  population.  Deposition  was  calculated  on  on  page  15  for  a  smoke 

3 

concentration  of  1000  mg/m  using  the  deposition  velocity,  Eq.  (17),  and 
foliar  retention  was  estimated  using  Chamberlains ‘ s  NSC.  Direct  consumption 
by  rats  indicated  a  value  estimated  of  accumulated  smoke  material  of  6.5  g/kg 
(low  range)  If  they  Ingested  foliage  exposed  to  smoke  concentrations  of 
1000  mg/ra^  for  one-hour.  We  ranked  the  smokes  for  acute  environmental 
effects  to  animals  by  determining  the  foliage  Ingestion  quotient,  (F.I.Q.) 
which  Is  defined  as  the  ratio  of  the  amount  of  contaminant  Ingested  by  rats 


<6.5  g/kg)  to  the  LDg0  value  for  oral  toxicity  to  rats.  This  screening 

method  would  Indicate  potential  toxicity  problems  If  the  F.I.Q.  values 

approach  or  exceed  unity.  The  results  show  that  the  HP.  RP,  IR.  and  HC 

smokes  are  all  significantly  toxic  when  deposited  on  foliage  consumed  by 

animals;  see  Table  7.  We  determined  the  oral  LD5Q  values  In  this  case  by 

examining  the  smoke  product  likely  to  be  the  agent  present  when  foliar 

consumption  occurred  soon  after  the  exposure. 

The  oral  LD^  value  for  all  phosphorus  smokes  was  estimated  as  that  for 

orthophosphorlc  acid.22  When  HP  or  RP  are  combusted,  the  reaction  product 

1123 

rapidly  hydrolyzes.  ’  In  the  environment  the  formation  of  cyclic 

metaphosphates  Is  unlikely,  and  the  linear  polyphosphates  usually  found  can 

be  expected  to  hydrolyze  very  rapidly  In  the  presence  of  normal  amounts  of 
23 

moisture.  All  the  linear  polyphosphates  Hn+2  (Pn  03r+1)  will  hydrolyze  to 
the  orthophosphate  (n  »  1)  form,  PO^.  For  acute  environmental  effects 
(other  than  inhalation)  we  used  the  various  properties  of  orthophosphorlc 
acid  in  screening  and  ranking.  The  LDjq  value  for  HC  smokes  was  based  on 
the  estimate  for  zinc  chlor’de,2"1  which  comprises  about  80%  of  the  combustion 
products.  (The  other  significant  combustion  products  are  far  less  toxic  than 
zinc  chloride.)  The  LD^q  value  for  SGF-2  was  estimated  as  mid-range  between 
that  given  for  diesel  fuel24  and  that  for  the  polyethylene  glycol  (PEG-200; 
see  Ref.  1>)  with  the  Justification  that  the  aromatic  hydrocarbon  compounds  of 
SGF-1  are  similar  to  the  middle  dlstiiiates  found  to  be  toxic  In  diesel  fuel 
and  fuel  oil,  but  the  higher  concentrations  of  aliphatic  compounds  are  known 
to  ameliorate  the  toxic  effects.  Subjective  compai isons  of  SGF-2  with  fuel 
oil  and  PEG-200  were  found.1,17,24,25  The  LDCA  value  for  EA-5763  and 

30 

tfl-5769  was  estimated  from  the  by-products  we  assumed  to  occur,  such  as 
from  copper  and  zinc  in  the  brass. 

RANKING  BY  AQUATIC  TOXICITY  QUOTIENT 

The  effect  of  a  smoke  and  obscurant  material  on  the  aquatic  environment 
would  depend  upon  the  solubility  of  the  material  in  water,  the  toxicity  to 
aquatic  life,  and  upon  the  amount  of  material  deposited  into  water  bodies.  We 
estimated  that  the  deposition  of  S&O  from  a  cloud  with  an  air  concentration  of 

3 

1000  mg/m  passing  over  a  water  body  1  meter  deep  for  one  hour  would  result 
In  S&O  concentrations  of  about  3.6  mg/ 1 1  ter  in  the  water.  The  aquatic 
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TABLE  7.  FOLIAGE  INGESTION  QUOTIENT  (F.I.Q.)  FOR  RELATIVE  ORAL  TOXICITY  OF 
SMOKES  AND  OBSCURANTS  To  RATS,  RANKED  IN  ORDER  OF  INCREASING  TOXICITY. 


Rat  LD5q  (Oral ) 


Smoke  type 

(mg/kg) 

F.I.Q.a 

1 . 

SGF-2 

21000 

0.3 

DF 

14000 

0.5 

3. 

RP  and  RP/*50 

1530 

4.2 

4. 

KP  and  WP/FN 

1530 

4.2 

5. 

IR  (EA-5763  and  EA-5769) 

800 

8.1 

6. 

HC  smoke 

350 

19 

a  The  F.I.Q.  uses  the  value  of  6500  mg/kg  as  an  estimate  of  the  amount  of 
smoke  products  consumed  by  a  rat  when  the  foliage  receives  deposition  from 

3 

smoke  at  an  air  concentration  of  1000  mg/m  for  one-hour.  The  F.I.Q.  Is  the 
ratio  of  6500  mg/kg  to  the  oral  LD5Q  for  rats.  Values  near  or  greater  than 
unity  Indicate  potential  toxicity  problems. 


toxicity  quotient,  (A.T.Q.)  was  defined  as  the  ratio  of  3.6  mg/11  ter  to  the 
TLirigg  for  jloassay  fishes.  The  TLnigg  Is  the  lethal  concentration  In  water 
(mg/1 1ter)fcr  half  of  the  fish  after  96-hours  of  exposure.  The  A.T.Q.  must  be 
adjusted  if  the  value  3.6  mg/liter  exceeds  the  amount  soluble  In  water;  In 
that  case  A.T.Q.  Is  the  ratio  of  the  amount  soluble  to  the  TLm^.  Aquatic 
toxicity  from  the  major  smoke  types  would  be  significant  when  the  A.I.Q. 
approaches  or  exceeds  unity.  The  HC  smoke  and  IR  smoke  (EA-5763  and  EA-5769) 
were  found  to  be  the  most  toxic  to  fishes  while  fog-oil  and  diesel  fuel  had 
borderline  aquatic  toxicity  and  W?  and  RP  smoke  types  were  of  Insignificant 
toxicity,  see  Table  8. 

??  ?P 

The  TLmq,  values  for  NP  and  RP  were  values  for  orthophosphor  1 c  acid,  ' 

21 

and  the  values  for  HC  were  for  zinc  chloride.  The  SGF-2  >nd  DF  were  found 

to  have  about  the  same  short-term  solubility17  and  were  given  the  same  TLmn, 

17  96 

estimates  based  upon  toxielty  of  middle  distillates  present.  Tlm^  values 
for  IR  were  available  in  unclassified  appendices.^ 
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TABLE  8.  AQUATIC  TOXICITY  QUOTIENT  (A.T.Q.)  FOR  RELATIVE  TOXICITY  OF  SMOKES 
AND  OBSCURANTS  TO  BIOASSAY  FISHES,  RANKED  IN  ORDER  OF  INCREASING  TOXICITY. 


Smoke  type 

TLm96 

(mg/liter) 

A.T,Q.a 

WP  and  HP/m 

100-1000 

0.0036-0.036 

RP  and  RP/SR 

100-1000 

0.0036-0.036 

SGF-2 

2-50 

0.72-1.8 

DF 

2-50 

0.72-1.8 

IR  (EA-5763  and  EA-5769) 

0.02-0.10 

0.3-1.55b 

HC 

0.1-10 

0.36-36 

a  A.T.Q.  uses  the  value  3.6  mg/llter  as  an  estimate  of  the  amount  of  smoke 

products  deposited  In  water  1-m  deep  from  a  one-hour  exposure  to  an  air 

■» 

concentration  of  1000  mg/m  .  The  A.T.Q.  Is  the  ratio  of  3.6  mg/llter  to  the 
TLfCgg  for  common  bioassay  fishes.  Values  near  unity  or  greater  are  of 
significant  aquatic  toxicity. 

b  The  low  solubility  of  IR  smoke  requires  that  the  A.T.Q.  Isa  ratio  of  the 
amount  soluble  to  the  TLmg5  In  that  case. 

RANKING  BY  SHORT-TERM  AND  LONG-TERM  MOBILITY  IN  THE  ENVIRONMENT 

The  intermediate  fate  of  smoke  and  obscurant  materials  In  the  environment 

was  screened  on  the  basis  of  the  solubility  In  water  of  the  Initial  chemical 

form  when  deposited  on  soil  or  water.  Ranking  on  the  basis  of  this  factor 

would  presume  that  initial  mobility  In  soil  and  sediments  should  indicate 

potential  problems.  The  initial  solubility  of  NP  or  RP  smokes  was  estimated 

27 

as  that  of  orthophosphor ic  acid,  the  Initial  solubility  of  HC  smoke  as 

that  of  zinc  chloride,  the  Initial  solubility  of  fog  oil  and  diesel  fuel 

1 7 

smoke  as  measured  in  a  non-ag Hated,  non-emulslfled  mixture,'  and  the 

3 

Initial  solubility  of  IR  smoke  from  brass  constituents.  The  results 
Indicate  that  HP,  RP,  and  HC  Inorganic  forms  that  are  highly  soluble  would  be 
highly  mobile,  the  dissolved  organic  components  (presumably  aromatics)  in 
SGF-2  and  DF  would  be  slightly  mobile,  while  IR  (EA-5763  and  SA-5769)  would  be 
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TABLE  9.  MOBILITY  OF  FRESHLY  DEPOSITED  SMOKE  AND  OBSCURANT  MATERIALS  IN  SOIL 
AND  SEDIMENTS,  RANKED  ACCORDING  TO  INCREASING  SOLUBILITY. 


Smoke  type 

Solubility 

<mg/11ter) 

Relative  rank 

IR  (EA-5763  and  EA-5769) 

0.03 

1 

SGF-2 

14-52 

102  -  103 

DF 

14-52 

102  -  103 

HC 

4.3  x  106 

108 

WP  and  RP  forms 

5.5  x  106 

108 

very  Immobile;  see  Table  9. 

The  ultimate  fate  of  S&O  materials  In  the  environment  was  estimated  from 

the  solubility  In  water  of  chemical  forms  thought  to  result  long  after 

deposition  on  soil  or  water.  Again  ranking  by  this  procedure  should  Indicate 

If  transformed  smoke  components  could  become  mobile.  The  HC  smoke  Initially 

would  consist  of  highly  soluble  zinc  chloride  and  unreacted  aluminum  chloride 

plus  Insoluble  forms  such  zinc  and  aluminum  oxides.  The  chlorides  hydrolyze 
21 

rapidly  and  form  hydrochloric  acid  and  zinc  oxychlorides  In  the  presence 

of  normal  moisture.  In  the  soil  and  sediments  these  forms  undergo  ion- 

21 

exchange  readily.  Studies  attributed  to  Fuller  provided  estimates  for 

zinc  Ion  as  the  soluble  form  in  soils  and  zinc  hydroxide  as  the  soluble  form 

In  water.  The  chloride  Ions  were  disregarded  because  they  enter  a  fairly 

large  pool  In  natural  soils  and  waters  (e.g.,  sodium  and  potassium  chlorides). 

The  IR  materials  (EA-5763  and  EA-5769)  and  SGF-2  fog  oil  were  given  the 

same  long  term  solubility  as  their  estimated  Initial  solubility.  The 

solubility  of  DF  was  obtained  from  a  measured  solubility  of  DF  after  a  few 

weeks  in  the  environment.^  The  fate  of  orthophosphorlc  acid  In  low 

concentrations  In  soil  and  sediment  Is  governed  by  the  pH  and  type  of  clay 
12 

mineral  present.  The  distribution  of  orthophosphate  species  as  a  function 
of  pH  Is  well  known.  Epitaxial  adsorption  on  clay  mineral  surfaces  and  solid 
phase  formation  reactions  show  that  apatites  are  formed  as  well  as  Iron  and 
aluminum  phosphates.  From  Edzwalb's  adaptation  of  Stumm  and  Leckle  these 
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/TABLE  *0.  LONG-TERM  MOBILITY  OF  TRANSFORMED  SMOKE  AND  OBSCURANT  MATERIALS 
IN  SOIL  AND  SEDIMENTS  AT  pH  7,  RANKED  ACCORDING  TO  INCREASING  SOLUBILITY. 


Solubility 


Smoke  type 

<mg/11ter) 

Relative  rank 

HC  In  soil 

6.5  x  10~4 

1 

IR  (EA-5763  and  EA-576S) 

3  x  10~2 

50 

SGF-2 

14-52 

104-105 

HC  In  water 

99 

105 

DF 

360 

6  x  105 

WP  and  RP 

1500 

106 

all  have  about  the  same 

solubility  near  pH  7.  We  used 

the  solubility  of 

FeP04,  which  was  slightly  higher  than  the  ethers,  as  an  Indicator  species 
for  the  long- tertn  fate  of  combusted  HP  and  RP.  The  result  was  that  of  the 
S&Q.  the  HC  In  soil  and  IR  (EA-5763  and  EA-5769)  have  Insignificant  long-term 
mobility  compared  to  SGF-2.  HC  In  water x  DF,  HP,  and  RP;  see  Table  10. 

The  $&0  materials  with  the  highest  short-term  solubility,  (HP,  RP,  and 
HC)  fresh  after  deposition,  had  decreased  solubility  by  more  than  three  orders 
of  magnitude  In  the  long  term  due  to  estimated  transformation  In  the 
environment;  compare  Tables  9  and  10.  This  rapid  transformation  and 
demobilization,  particularly  of  P  and  HC  smokes  essentially  renders  them  less 
harmful  to  plant  and  animal  life.  More  work  Is  needed  on  the  environmental 
fate  of  S&Q  materials  and  their  potential  toxicity  In  their  transformed 
states.  The  screening  showed  that  smoke  combustion  products  and  their 
dynamics  in  soil  and  water  systems  were  relatively  complicated  and  not  well 
unified,  although  studied  In  some  detail. 


RANKING  BY  OVERALL  ENVIRONMENTAL  IMPORTANCE 


We  ranked  the  overall  environmental  Importance  of  device  categories  by 
multiplying  the  minimum  area  of  Impact  by  the  C.Q.,  F.I.Q,  and  A.T.Q.  This 
empirical  Index  Is  the  product  of  area,  relative  Inhalation  toxicity, 
relative  foliar  Ingestion  toxicity,  and  relative  aquatic  toxicity  with  equal 
weighting.  Numerically,  It  had  units  of  area,  and  In  the  case  of  a  give,, 
range  of  values  the  geometric  mean  was  used.  It  was  found  that  HC  smoke 
pots  are  environmentally  the  worst  problem  by  an  order  of  magnitude  above  HC 
grenades  and  HC  howitzers.  These  In  turn  are  an  order  of  magnitude  worse 
than  the  IR  grenades.  All  other  devices  are  two  orders  of  magnitude  less 
important  In  overall  environmental  effects,  see  Table  11. 


TABLE  11.  OVERALL  ENVIRONMENTAL  IMPORTANCE  FOR  SMOKE  AND  OBSCURANT  DEVICES, 
RANKED  FROM  LEAST  TO  MOST. 


Importance  value5 


1. 

WP/FN  (rockets  and  howitzers) 

1.1 

2. 

SGF-2  (smoke  pot) 

2.5 

3. 

RP  (bomblet) 

2.8 

4. 

RP/W  (mortars  and  howitzers) 

3.3 

5. 

RP/BR  (grenade) 

8 

6. 

SGF-2  (generator) 

i 

7. 

HP  (mortars,  guns,  rockets,  howitzers) 

14 

8. 

OF  (diesel  fuel  exhaust) 

24 

9. 

IR  (EA-5763  and  EA-5769,  grenade) 

3  x  103 

10. 

HC  (howitzers) 

3  x  104 

11 . 

HC  (grenade) 

5  x  104 

12. 

hv  (smoke  pots) 

2  x  105 

5  Importance  value  Is  the  product  of  area,  C.Q.,  F.I.Q.,  and  A.T.Q.  with 
units  In  square  meters . 
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THE  JUSTIFICATION  OF  MINIMUM  IMPACT  AREA,  A1, 
ESTIMATED  FOR  DIFFUSING  MILITARY  SMOKES 


The  concentration  <C)  for  a  ground-level  continuous  source  In  a  uniform 
flow  field  of  speed  p,  Is  usually  represented  by  a  "Gaussian  plume",  for 

C 

example  see  the  "Handbook  on  Atmospheric  Diffusion": 


1  y 

C(x,y,z>  »  C<x,o,o)exp  -  j  (y /ay) 


exp 


-  \  <z/T_>2 
2  Z 


where  C<x,o,o)  Is  the  centerline  concentration  at  groundlevel  given  by 

C(x,o,o)  » 


Q  / 1 
vc  c 


T<^ 


u 


Here  Q  Is  the  mass  of  material  dispersed  over  a  time  period  t  ,  and  o  , 

u  U  jf 


a2  are  the  characteristic  width  and  height  of  the  plume.  To  a  good 


approximation,  <?y  and  az  are  linear  functions  of  downwind  distance,  x, 
for  burn  times  on  the  order  of  minutes.  The  downwind  distance  traveled  Is 


x  »  ut  ,  and  the  ground  area  covered  can  be  estimated  as  a  triangle  of  length 

v 


x  and  base  4iray.  The  value  ir  Is  retained  from  Integration  of  the  concentration 


distribution  in  the  vertical  from  ground  level  to  Infinity  and  In  the 
crosswind,  y-dlrectlon  from  minus  Infinity  to  plus  Infinity.  If  we  solve 


for  the  concentration,  C,  at  ground  level  (z  -  0)  and  at  y  -  5/3  a. 


where  the  concentration  Is  one-fourth  of  the  centerline  concentration  we 
obtain 


c  - 

As. 


Thus  the  area  A'  defines  90%  of  the  plume  width  (y Jo  -  +  5/3); 


A'  ■=  2ircyutc 


and  Is  the  area  containing  greater  than  one-fourth  the  centerline  concentration. 
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APPENDIX  8. 


TABLES  OF  CALCULATED  ENVIRONMENTAL 
ARIABLES  FOR  SPECIFIC  SMOKE  AND  OBSCURANT  DEVICES 


Device 


1.  4.2-1 nch  mortar 

2.  4. 2-1 nch  mortar 

3.  60-fnm  mortar 

4.  81 -mm  mortar 

5.  81 -mm  mortar 

6.  90-mm  gun 

7.  105-mm  gun 

8.  120-mm  gun 

9.  105-mm  howitzer 

10.  155-nsm  howitzer 

11 .  155-mm  howitzer 

12.  5-1 neh  rocket 

13.  57-mm  rocket 

14.  75-mm  rocket 

15.  2. 75-1 nch  rocket 


TABLE  B-l .  WHITE  PHOSPHORUS-TYPES 


Munition 


M2 

M328AW 

M302 

M57 

M375 

M313 

M416 

M357 

M60 

MHO 

XM825 

MK4 

M308 

M31 1 

M259 


MP 

WP/PWP 

WP 

WP 

WP 

WP 

WP 

WP 

WP 

HP 

WP/FW 

WP/PWP 

WP 

WP 

WP/W 


TABLE  B-2.  RED  PHOSPHORUS-TYPES 


(mg/m3) 


31 

E 

31 

4 

18 

2 

28 

2 

Device 

Munition 

Type 

A 

(m2) 

C 

(mg/m3) 

1 .  grenade 

L8A1 

RP/BR 

5 

0 

2.  81 -mm  mortar 

XM819 

RP/W 

94 

0 

139 

3.  155-mm  howitzer 

XM803 

RP 

26 

4.  bomblet  (submunition) 

CBU-88 

RP 

28300 

1.3 

TABLE  B-3.  INFRARED-TYPES 


A 

C 

Device 

Munition 

Type 

(m2) 

(mg/m^) 

1.  grenade 

XM-76 

IR 

50 

10000 

TABLE  8-4.  HEXACHLGROETHANE-TYPES 


Device 

Munition 

Type 

(sec) 

A 

(m2) 

C 

(mg/m3) 

1 .  smoke  pot 

Ml 

HC 

390 

9506 

77 

2.  smoke  pot 

M5 

HC 

1020 

65025 

13 

3.  smoke  pot 

M4A2 

HC 

750 

35156 

29 

4.  grenade 

M8 

HC 

126 

992 

218 

5.  105-mm  howitzer 

105M84 

HC 

120 

52 

450 

6.  155-mm  howitzer 

Ml 16M1 

HC 

138 

1190 

664 

TABLE  B-5.  F0G-0IL  AND  DIESEL-T^PES 

Device 

Class 

Type 

(sec) 

A 

(m2) 

C 

(mg/iii3) 

1. 

generator,  fog-oil 

MSA  3 

SGF-2 

3600 

810000 

5.9 

2. 

generator,  fog^oll 

XM52 

SGF-2 

3600 

810000 

8.9 

3. 

smoke  pot,  fog-oil 

AN-M7 

SGF-2 

630 

26200 

66 

4. 

exhaust,  diesel 

VEES 

OF 

3600 

810000 

8.3 
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GUIDE  TO  DATA  BASE 


INTRODUCTION 

Early  in  the  data  acquisition  phase  of  this  project,  it  became  clear  that 
an  automated  method  for  the  storage  and  retrieval  of  information  was  needed. 
This  need  was  filled  with  the  purchase  of  an  IBM  personal  computer  equiped 
with  an  external  20  megabyte  hard  disk  drive  and  various  software  packages. 

The  software  included:  Lotus  123,  Lotus  Development  Corporation,  161  First 
Street,  Cambridge,  MA  02142;  IBM  Personal  Editor,  International  Business 
Machines  Corporation;  Microsoft  Word,  Microsoft  Corporation;  KnowledgeMan: 

The  Knowledge  Manager,  Micro  Data  Base  Systems,  Inc.,  P.0.  Box  248,  Lafayette 
IN  47902. 

Most  of  the  collected  data  was  entered  and  stored  in  tables  created  under 
KnowledgeMan.  This  data  base  manager  allows  Boolean  searches  of  all  types  of 
data  in  all  KnowledgeMan  files.  Microsoft  Word  and  IBM  Personal  Editor  were 
used  in  many  word  processing  applications  and  Lotus  123  was  used  whenever  a 
spreadsheet  was  required.  The  following  Data  Base  Description  Table  is 
provided  for  the  convenience  of  those  interested  in  obtaining  and  using  our 
Smokes  and  Obscurant  Data  Base. 

DATA  BASE  DESCRIPTIONS 


Nine  major  tables  were  created  under  KnowledgeMan  to  fill  specific 
needs.  The  names  of  these  tables  are  listed  in  the  Base  Description  Table 
along  with  their  structure  and  purpose.  They  are  available  from  LLNL  on  5.25 
inch  DSDD  diskettes  in  IBM  Dos  2.0  format  as  either  ASCII  text  files  or  as 
KnowledgeMan  files.  These  files  are  also  available  on  Sysgen  Image  cassette 
tape,  Sysgen  Incorporated,  47853  lJarm  Springs  Blvd.,  Fremont,  California 
94539,  or  on  Q-PAK  5.5  megabyte  hard  disk  removable  media,  SyQuest  Technology, 
47923  Warm  Springs  Bl'*d.,  Fremont,  CA  94538. 
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